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THE INFLUENCE OF SYNTHESIS AND POST-SYNTHESIS PROCEDURES OF DIFFERENT 
NIOBIUM OXIDES ON THEIR CATALYTIC PERFORMANCE IN THE AQUEOUS PHASE 
CONDENSATION OF OXYGENATED COMPOUNDS IS STUDIED. HYDROTHERMALLY 
SYNTHESIZED NIOBIUM OXIDE WITH A PSEUDO-CRYSTALLINE STRUCTURE SHOWS 
ENHANCED ACID PROPERTIES, SURFACE AREA AND CONSEQUENTLY BETTER 
CATALYTIC ACTIVITY THAN NB2O5 PREPARED BY OTHER SYNTHESIS METHODS. THE 
OPTIMIZED NBOX-BASED CATALYST ALSO DEMONSTRATES HIGHER STABILITY 





In the last years lignocellulosic biomass valorisation has become a sustainable 
alternative to the use of fossil sources for the production of fuels and chemicals. 
Thus, the use of this type of biomass as raw material represents a potential 
solution to environmental issues derived from the use of oil and its depletion.1-4 
In this context, and after a primary treatment of biomass via fast pyrolysis 
processes, bio-oils are predominantly obtained.3,4 These bio-oils are complex 
mixtures containing water and oxygenated organic compounds in varying 
concentrations, which are characterized by their high reactivity. This hinders their 
storage and direct use as liquid fuel. Therefore, an upgrading approach is needed 
to improve their fuel properties (O content reduction, water elimination, etc.). 
Most common upgrading process includes bio-oil hydrotreating with NiMoS/ and 
CoMoS/Al2O3 industrial catalysts at high H2 pressures (>60-70 bar) and 
temperatures (350-450 ºC).5,6 Resulting oil possesses better fuel quality but 
hydrogen and energy consumptions during the process are quite high, while liquid 
productivities are low mainly due to C1-C4 highly abundant oxygenated 
compounds are converted into gases during the process. Thermal and catalytic 
cracking of bio-oils have been also intended,7-9 as well as co-processing of bio-oils 
with petroleum fractions mainly in FCC units. Results obtained show that at least 
a partial upgrading of bio-oil is needed before co-processing.10 Alternatively, a 
liquid-liquid separation process by water addition to the pyrolytic bio-oils is also 
feasible11. Then separated organic fractions are further processed for their 
application as liquid fuels, whereas aqueous fractions containing C1-C4 acids (i.e. 
acetic acid), aldehydes, ketones, alcohols and low amounts of heavier water-
soluble compounds, constitute nowadays waste effluents at bio-refineries.11,12 
Aqueous phase reforming (APR) approach developed by Dumesic and co-
workers13,14 could be applied to produce H2 from these aqueous fractions, 
although with high energy consumption, and more importantly, by losing all 
Carbon derived from biomass (low atom economy). 
Aligned with the new bio-economy concept15, the transformation of these low-
value water-soluble compounds would be of great interest. Indeed, they can be 
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transformed into a mixture of hydrocarbons and aromatics useful for blending 
with automotive fuels. In a first step, this can be achieved performing “one pot” 
C-C bonds formation reactions, such as aldol condensation and ketonization, 
among others.16 The importance of ketonization lies in its capacity for reducing 
carboxylic acids content whilst condensation reactions allow consecutively C-C 
bonds formation. Both reaction mechanisms have been widely studied by using 
probe molecules as reactants17,18 concluding that Lewis acid/base sites 
combination is necessary to assist intermediates formation on the surface of the 
catalyst. In this context, catalysts based on Ce-Zr-O mixed oxides have been 
extensively considered18 on for the gas-phase conversion of small aldehydes in 
the presence of acids and water at high temperatures (>300ºC). More recently, 
TiO2 or ZrO2 have been studied as catalysts for condensation reactions using 
acetic acid or propanal as probe molecules,19,20 and even with the incorporation 
of noble metals on the solid catalyst.21 In general, the activity of these catalysts is 
based on their bifunctional character, although their stability under faithful 
operation conditions is a critical factor to be further improved. 
Based on these considerations, the stability and acid properties of niobium oxides 
at high reaction temperatures (even in the presence of water) make these 
materials attractive for industrial use as heterogeneous catalysts:22 i) they show 
great stability against acids; ii) most of their Lewis acid sites remain active even in 
aqueous environments when tested in different reactions (i.e. acetalization, 
isomerization).23,24 Moreover, crystalline structure, surface area and acid 
properties can be modified depending on the synthesis procedure and/or the 
post-synthesis thermal treatment.25,26 Specifically, we have found that both the 
Brönsted/Lewis ratio and the total number of acid sites in niobium-containing 
materials can be tuned by an appropriate combination of hydrothermal synthesis 
and post-synthesis treatments, thus improving both the acid characteristics and 
the catalytic performance of NbOx-based catalysts.27 
In this work, we show the influence of both the synthesis procedure and the heat-
treatment conditions on the catalytic performance of different niobium oxides in 
the valorisation of aqueous effluents obtained by liquid phase separation of 
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pyrolytic bio-oils. The catalytic behaviour of NbOx-catalysts is investigated by 
using an aqueous mixture of C2-C3 representative oxygenated compounds, closer 
to the real conditions at industry and differing from usual probe molecules studies 
performed even in the absence of water in most of the cases. The catalytic results 
are compared with a Ce-Zr-O mixed oxide, which is the reference material in 
literature.18 
Nb-oxide based catalysts were prepared by hydrothermal synthesis27 (HT-series§). 
For comparative purposes, niobium oxides prepared by conventional 
precipitation (PR-series) and commercial Nb2O5 from Sigma-Aldrich (C-series), 
have been also tested (See SI). All the niobium-based samples were heat-treated 
in air or N2 to obtain the final catalysts. The catalysts are named as HT-xy, PR-xy 
and C-xy (for hydrothermal, precipitation or commercial materials, respectively), 
where x is temperature and y is A or N, depending on the atmosphere (air or N2, 
respectively) used during the heat-treatment. In addition, a Ce0.5Zr0.5O2 mixed 
oxide (CeZrO) was prepared via co-precipitation following the recipe of ref.28 (See 
SI). 
The catalysts were characterized by XRD, TEM, TG, EA, FT-IR of adsorbed pyridine, 
and N2-adsorption. Important differences in the crystallinity and particle size of 
the materials have been observed depending on the preparation procedure and 
the heat-treatment (Fig.1, see also Fig.S3 in SI for the rest of materials). In this 
sense, HT-series and PR-series materials heat-treated in N2, tend to form a 
pseudo-crystalline (Fig. 1a) or an amorphous phase (Fig.1b) respectively, while C-
series samples give rise to a well-ordered T-Nb2O5 phase (JCPDS: 00-027-1313) 
(Fig.1c). In addition, oxides prepared by hydrothermal method show the lowest 
particle size (ca.10-20 nm) (Fig.1a). 
Pseudo-crystalline materials obtained through hydrothermal procedure present 
Bragg signals corresponding to 001 and 002 planes in a crystal structure ordered 
along c-axis (c = 3.9 Å), which is related to ReO3-type structure (Fig. S3 and S5, SI), 
as it has been observed in other NbOx-based materials.29,30 It is noteworthy to 
mention that heat-treatments in air promote the crystallization, at least partially 
of the orthorhombic T-Nb2O5 phase (JCPDS: 00-027-1313) (Fig. S3, SI). On the 
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other hand, C-Nb2O5 samples show a well-ordered crystal structure regardless the 
heat-treatment atmosphere (Fig. S3 and S5, SI). 
Catalytic results of selected catalysts tested in the transformation of oxygenated 
compounds present in an aqueous model mixture including acetic acid, ethanol, 
propanal and acetol (liquid phase system in an autoclave reactor at 200ºC and PN2 
= 13 bar during 7h) are shown in Table 1. Results expressed in terms of total 
organic yield and yield to the main reaction products are calculated by considering 
that the maximum attainable value of total organic products for the composition 
of the aqueous mixture studied is ≈30% (See SI). As a reference, catalytic 
performance of CeZrO has also been included.  
Additionally, the effect of the atmosphere (air or N2) used during heat-treatment 
on the catalytic activity has been also studied (Table S2, SI). In all cases, higher 
organic products yields are observed when the heat-treatment is carried out in 
N2 atmosphere (Table S2, SI).  
More importantly, hydrothermally synthesized niobium oxides (HT-series) 
reached higher propanal conversion (>90%) and 2-metil-2-pentenal (2M2P) yield 
(Table S2, SI), thus achieving the highest total organic products yields (Table 1). 
A deeper understanding about HT-series catalytic activity can be achieved by 
individually studying the behaviour of reactants conversion present in the 
aqueous model mixture (Fig. 2a). Complete conversion of acetol and high 
conversion of Based on these considerations, the stability and acid properties of 
niobium oxides at high reaction temperatures (even in the presence of water) 
make these materials attractive for industrial use as heterogeneous catalysts:22 i) 
they show great stability against acids; ii) most of their Lewis acid sites remain 
active even in aqueous environments when tested in different reactions (i.e. 
acetalization, isomerization).23,24 Moreover, crystalline structure, surface area 
and acid properties can be modified depending on the synthesis procedure 
and/or the post-synthesis thermal treatment.25,26 Specifically, we have found that 
both the Brönsted/Lewis ratio and the total number of acid sites in niobium-
containing materials can be tuned by an appropriate combination of 
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hydrothermal synthesis and post-synthesis treatments, thus improving both the 
acid characteristics and the catalytic performance of NbOx-based catalysts.27 
In this work, we show the influence of both the synthesis procedure and the heat-
treatment conditions on the catalytic performance of different niobium oxides in 
the valorisation of aqueous effluents obtained by liquid phase separation of 
pyrolytic bio-oils. The catalytic behaviour of NbOx-catalysts is investigated by 
using an aqueous mixture of C2-C3 representative oxygenated compounds in 
water, closer to the real conditions at industry and differing from usual probe 
molecules studies performed even in the absence of water in most of the cases. 
The catalytic results are compared with a Ce-Zr-O mixed oxide, which is the 
reference material in literature.18 
Catalytic results of selected catalysts tested in the transformation of oxygenated 
compounds present in an aqueous model mixture including acetic acid, ethanol, 
propanal and acetol (liquid phase system in an autoclave reactor at 200ºC and PN2 
= 13 bar during 7h§§) are shown in Table 1. Results expressed in terms of total 
organic yield and yield to the main reaction products are calculated by considering 
that the maximum attainable value of total organic products for the composition 
of the aqueous mixture studied is ≈30% (See SI). As a reference, catalytic 
performance of CeZrO has also been included.  
Additionally, the effect of the atmosphere (air or N2) used during heat-treatment 
on the catalytic activity has been also studied (Table S2, SI). In all cases, higher 
organic products yields are observed when the heat-treatment is carried out in 
N2 atmosphere (Table S2, SI).  
More importantly, hydrothermally synthesized niobium oxides (HT-series) 
reached higher propanal conversion (>90%) and 2-metil-2-pentenal (2M2P) yield 
(Table S2, SI), thus achieving the highest total organic products yields (Table 1). 
A deeper understanding about HT-series catalytic activity can be achieved by 
individually studying the behaviour of reactants conversion present in the aqueous 
model mixture (Fig. 2a). Complete conversion of acetol and high conversion of 
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propanal are reached in short times, while ethanol and acetic acid exhibit lower 
conversion (≈50% and 15%, respectively).  
It is worth noting that the low acetic acid conversion was expected under the 
applied moderate reaction conditions, mainly due to the strong competition for 
the active sites of more reactive molecules, such as propanal and acetol present 
in the mixture. Thus, the study of catalyst performance by using complex mixtures 
is essential for the development of future industrial applications. In addition, the 
identification of main reaction products and their distribution profile observed by 
GC-MS (Fig. S2, SI) allow us to draw the evolution of products yield with reaction 
time when HT-450N was used (Fig. 2b). With all this information a reaction 
network is proposed (Fig. 3, see also SI), where ethyl acetate (from esterification 
reaction of acetic acid and ethanol), acetone (acetic acid ketonization product), 
main intermediate products (C5-C8) and final products (C9-C10) are highlighted. 
As can be seen in Fig. 2b, high products yields are reached within 3 hours of 
reaction due to fast condensation reactions among propanal and acetol, whereas 
ethyl acetate is produced from acetic acid and ethanol esterification. Ethyl 
acetate yield maintains constant in time, meanwhile 2nd condensation steps ocurr 
as intermediate C5-C8 products (mainly derived from acetol and propanal cross-
condensation) keep reacting with propanal or other intermediate products 
(acetone, 3-pentanone, etc.) to generate larger (C9-C10) products (Fig. 2b, and 
Fig. S8). 
The activity of HT-series Nb-based catalysts in these ketonization and aldol 
condensation reactions is based on their improved acid and structural properties. 
Therefore, catalytic results can be explained taking into account the higher 
surface areas (>70m2/g) and the specific acid properties of the HT-series catalysts 
(Fig. S6, SI), which give rise to higher initial reaction rates (Table 1). In this way, 
the density of acid sites increases when decreasing the heat-treatment 
temperature, despite the increment of the surface area observed (Table 1). 
Indeed, the higher amount of total acid sites and their right distribution on the 
catalyst surface leads to increase the organic products yields during the process 
(Fig. 4). The optimal combination of these parameters has been found for HT-
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400N and HT-450-N samples, which leads to a better catalytic behaviour in terms 
of total organic yield than CeZrO reference catalyst (Table 1 and Fig. 4). 
Interestingly, in spite of the higher density of acid sites and initial reaction rate 
observed for the sample heat-treated at the lowest temperature (i.e. sample HT-
300N), its higher acidity could also favour undesired polymerization reactions 
during the process; thus lowering the final total organic products found in the 
liquid reaction mixture (Table 1 and Fig. S7, SI). This effect can be also observed 
by the decrease of the carbon balance when HT-300N was used (Table 1). 
Finally, recycling experiments were performed testing selected catalysts during 
three consecutive reuses to corroborate the resistance of Nb-oxides under 
reaction conditions§§§ (See SI), and the results in terms of total organic yield 
attained are given in Fig. 5. On one hand, it was observed that HT-450N catalyst 
maintained its performance practically invariable after reuses due to structure 
preservation, this being confirmed by X-ray diffraction and Raman spectroscopy 
measurements (see SI). On the other hand, C-450N sample exhibited high stability 
(low carbon deposition), although it catalytic activity decreased probably due to 
surface reconstruction/changes processes after being used in aqueous solutions 
(Figure S9, SI). In both Nb-based catalysts, no leaching of Nb was observed. 
Remarkably, hydrothermally prepared catalysts still showed much better stability 
than CeZrO mixed oxide, which suffered a bigger loss of activity due to carbon 
deposition as it was measured by TG and EA (See SI), but mostly due to the 
significant leaching of Ce (>30wt.% lost from the initial content in solid) clearly 
detected in liquids after reaction (See SI). 
Although further studies must be performed, these results are very promising and 
open up new possibilities for the application of niobium oxide-based materials as 
catalysts for the condensation of oxygenated compounds present in complex 
aqueous mixtures. 
Conclusions 
Summarizing, niobium oxide based catalysts prepared by hydrothermal synthesis 
with a pseudo-crystalline structure (ordered just along c-axis) and showing 
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tunable acid properties, have resulted to be active and selective catalysts for the 
valorization of oxygenated compounds in aqueous effluents obtained by phase 
separation of pyrolytic bio-oils. These optimized NbOx-materials present higher 
stability (after several reuses) and catalytic activity than those previously reported 
by other authors, mainly due to they are highly water resistant catalysts. 
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Notes and references 
§ Catalysts Preparation: Hydrothermal Nb oxide (HT-series)27 was prepared with Nb 
oxalate monooxalate adduct (ABCR) (30.6 g) dissolved in distilled water (63,2 g) and 
kept 10 min. under stirring at 80ºC. This solution was introduced in a Teflon-lined 
steel autoclave and kept at 175 ºC for 2 days. The resulting solid was filtered and 
treated at 100 ºC for 16h. Additional Nb oxide samples prepared by conventional 
precipitation (PR-series) and commercial Nb2O5 from Sigma-Aldrich (C-series) have 
been also tested after heat-treatment (See SI). All the Nb-based samples were heat-
treated in air or N2 at 300-550 ºC for 2h prior to their use as catalysts. Ce-Zr mixed 
oxide (Ce0.5Zr0.5O2, CeZrO) was prepared via co-precipitation following the recipe of 
ref.28, and calcined in air at 450 ºC during 1h (See SI). 
§§ Catalytic Experiments: Reactions were performed in an autoclave-type reactor 
by feeding 3.0 g of an aqueous model mixture composed by water (30 wt%), acetic 
acid (30 wt%), propanal (25 wt%), acetol (5 wt%), ethanol (10 wt%), with 0.15 g of 
catalyst (See SI). The reactor was pressurized at 13 bar N2 and heated at 200 ºC 
under continuous stirring. Liquid aliquots (100 μL) were taken and diluted in 0.5 g of 
2wt% Cl-benzene in methanol as standard, and then analyzed by GC-FID and 
products were identified by GC-MS. Besides first-step condensation products as 
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acetone, 3-pentanone and 2-methyl-2-pentenal, groups from 5 to 10 C atoms 
molecules are distinguished and classified in C5-C8 and C9-C10+ to simplify their 
quantification. The method of group contributions was used to predict the 
corresponding FID response factor. Results of catalytic experiments have been 
expressed as total organic products yields as a percentage of maximum attainable 
(See SI). 
§§§ Recycling experiments: Once the catalytic experiment had finished, the solid 
was separated by centrifugation and washed repeatedly with methanol. After drying 
it at 100 ºC overnight, the recovered solid was used in a new catalytic experiment. 
The solid was also analysed by EA and TG to measure the organic compounds 
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Area Acid sites 




Main Products Yield 
(%) Carbon balance 
(%) [f] 
Initial reaction rate [g] 
(ºC) (m2/g) [a] LAS BAS (µmol/m2) [c] (%) [d] C5-C8 [e] C9-C10 (mmol/min g) 
HT-series 300 (N2) 163 135.3 41.5 1.08 59.0 43.0 16.0 90 1.88 
 400 (N2) 152 54.7 57.4 0.74 69.7 51.7 18.0 98 - 
 450 (N2) 108 65.4 33.5 0.92 69.3 52.0 17.3 97 1.67 
 550 (N2) 70 20.6 16.1 0.52 65.3 46.0 19.3 96 1.58 
C-series 450 (N2) 13 4.5 3.0 0.58 61.0 39.3 21.7 97 1.05 
PR-series 450 (N2) - - - - 52.0 37.7 14.3 97 - 
CeZrO 450 (air) 112 87.6 17.4 0.94 68.7 43.4 25.3 93 - 
[a] Calculated values from N2 adsorption isotherms (BET method). [b] Values calculated by pyridine adsorption FT-IR measurements. [c] Density of total acid sites (BAS + LAS). 
[d] Total organic product yield. [e] Sum of 2-methyl-2-pentenal and other C5-C8 products. [f] Carbon balance calculated from GC-FID.[g] Initial reaction rate values calculated at 










Caption to Figures 
 
Figure 1. XRD patterns and TEM images of representative NbOx-based catalysts, 
heat-treated in N2 at 450ºC: a) HT-450N; b) PR-450N; and c) C-450N. 
 
Figure 2. a) Conversion of acetic acid, ethanol, propanal and acetol, and b) 
evolution of products yields vs reaction time over HT-450N catalyst. [Reaction 
conditions: 3.0 g of aqueous model mixture, 0.15 g of catalyst at 200 ºC and PN2 = 
13 bar during 7h]. 
 
Figure 3. Proposed reaction network. Initial mixture (orange), intermediate C5-C8 
products (red) and final C9-C10 products (blue) are outlined. 
 
Figure 4. Variation of total organic product yield, TOP (black) and intermediates, 
INT´s (red) and C9-C10 products (blue) yields with the density of acid sites for all 
catalysts: HT-series (filled symbols); PR-series and C-series (empty symbols). 
Results over CeZrO sample (star symbols) are also included. 
 
Figure 5. Effect of the re-uses (R0, R1 and R2) of different catalysts on the total 
organic yield (%) attained during the condensation of oxygenated compounds in 
aqueous model mixture (At 200ºC and PN2=13 bar during 7h). 
 
 
